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Abstract – We analyse the effect of crosstalk noise on the performance of free space optical 
interconnects (FSOIs).  In addition to “diffraction-caused” crosstalk, we consider the effect of 
“stray-light” crosstalk noise which, to the best of our knowledge, has not been addressed 
previously.  Simulations were performed on a microlens based FSOI system using the modal 
composition and beam profiles experimentally extracted from a commercial Vertical-Cavity 
Surface-Emitting Laser.  We demonstrate that this crosstalk noise introduces significant 
degradation to interconnect performance, particularly for multi-transverse mode laser sources.  A 
simple behavioural model is also developed which accurately approximates the crosstalk noise 
for a range of optical sources and interconnect configurations. 
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1.  Introduction 
Performance requirements of short-distance digital communication links have increased 
considerably with the escalating demand for high speed and high density data links.  However, 
large scale electronic systems are suffering from an interconnection bottleneck due to the 
inductance and capacitance inherent in electric interconnects.  The most noticeable limitations are 
pin congestion, clock skew and bandwidth limitation1, 2.  The high aggregate bandwidth and 
channel density achievable by optical interconnects (OIs) make them ideal replacement for 
electrical interconnection schemes.  Optical interconnects potentially have low power 
consumption, and can facilitate the development of radically novel designs for VLSI architectures 
including heterogeneous multiprocessor systems, and highly parallel computing systems3-5.   
Recent developments in the integration of Vertical-Cavity Surface-Emitting Laser (VCSEL) 
arrays and photodetector arrays with CMOS electronic circuitry have increased the practical 
potential of optical interconnects6, 7.  
Free-space optical interconnects (FSOIs) offer solutions for both chip- and board-level 
interconnection.  Several OI designs based on two dimensional VCSEL arrays have been 
proposed8-16.  From these studies, it is evident that one of the major factors that determine the 
maximum channel density and bit-error ratio is the optical crosstalk noise within the system.  The 
majority of proposed OI designs employ microlenses and other small-diameter optical elements 
to produce compact optical systems (microchannel architecture).  Through the process of 
miniaturisation, the microlens diameter will decrease to allow for higher channel density; 
subsequently the performance of the system will become increasingly dominated by diffraction. 
The most generic implementation of a parallel FSOI system consists of two microlens arrays, 
employed to collimate and focus the laser beams onto an array of photodetectors.  The optical 
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power which is correctly transmitted to its intended receiver is the signal, and the portion of the 
beam which trespasses on neighbouring channels is the crosstalk noise, Fig. 1.  Petrovic and 
Rakic17 modelled this crosstalk by calculating the power incident on unintended receiver 
microlenses due to diffraction at the transmitter microlenses and the spread of the laser beam 
between the transmitter microlens array and the receiver microlens array.  Following a number of 
other studies18, 19, this model ignores the fraction of optical power that does not travel through the 
intended transmitter microlens.  
However, the fraction of the emitted power can be imaged by the neighbouring transmitter 
microlens to other channels, possibly far from the intended one.  In highly parallel optical 
systems, this power (indicated by the shaded area of black and white squares in Fig. 1) can 
significantly affect signal quality and will be referred to as stray-light crosstalk in this article.  To 
the best of the authors’ knowledge this type of crosstalk has not yet been investigated.  
In practice VCSELs tend to operate in several transverse modes simultaneously.  While most 
of the published studies discuss the issue of crosstalk considering the fundamental mode alone, 
the presence of higher order transverse modes will cause a significant degradation in signal to 
noise ratio in the OI channel.  
This paper investigates stray-light crosstalk in microchannel architectures including the 
effect of higher order modes.  In Sec. 2, the FSOI simulation model is developed.  Experiments 
performed on a commercial oxide-confined VCSEL to determine the modal content of the 
VCSEL beam are described in Sec. 3.  These experimental findings are used in the simulation 
model to compare diffraction-caused and stray-light crosstalk in Sec. 4.  A simple and accurate 
behavioural model for stray-light crosstalk is proposed in Sec. 5, and the paper is concluded with 
a brief discussion in Sec. 6. 
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2.  Microchannel FSOI Design Description 
 
2.1 Design outline 
Figure 2 shows the basic architecture used in the simulations: a microchannel FSOI 
constructed from two microlens arrays, a VCSEL array, and a photodetector array.  The VCSEL 
array is located at 0=z , and the first microlens array is situated at 1dz = .  The second microlens 
array is at a distance of 32 dd +  away from the first microlens array, and the photodetector array 
is positioned 14 dd = away from the second microlens resulting in a symmetrical configuration. 
The pitch of the system is ∆, and the diameter of the microlens is D.  The fill factor, , is defined 
as the ratio of the microlens diameter to the array pitch:  = D/ .  Two metrics frequently used to 
assess interconnect performance are the maximum achievable channel density, 1/∆2, and the 
interconnect length, L = d1+d2+d3+d4. 
 
2.2 Diffraction-caused crosstalk 
For each channel, we consider a laser beam of beam waist, 0, emitted from the transmitter 
plane through its corresponding transmitter microlens and imaged to the intermediate beam waist.   
The beam propagates from the intermediate beam waist to the intended receiver microlens.  Due 
to the diffraction-caused spreading of laser beams, the beam radius at the receiver microlens 
frequently exceeds the radius of the receiver microlens.  Therefore, a fraction of the transmitted 
power will fall on the microlenses adjacent to the intended microlens, and will be focussed onto 
unintended photodetectors, (Fig. 1), introducing crosstalk noise.  This noise is usually assumed to 
be the dominant component of the optical crosstalk noise.  In this article we will refer to it as the 
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diffraction-caused crosstalk noise (DCCN).  Therefore, the diffraction-caused crosstalk noise is 
defined as the optical power that propagates through the intended transmitter microlens, but falls 
onto an adjacent receiver microlens and is focussed onto photodetectors for which it was not 
intended.   
 
2.3 Stray-light crosstalk 
Here we introduce another source of optical crosstalk that, to the best of our knowledge, has 
not been investigated so far.  Again, we consider an arbitrary channel within the microchannel 
architecture, depicted by Fig 1.  In this case, we concentrate on the fraction of power emitted by 
the VCSEL that falls on the transmitter microlenses adjacent to the intended transmitter lens.   
Due to the curvature of the microlenses, the beam is refracted away from the intended channel as 
shown in Fig 1.  As it propagates through the system, the beam will further expand until it 
reaches the receiver microlens plane.  Unlike the diffraction-caused crosstalk, where most of the 
noise can be attributed to the adjacent channels, the beam can be redirected to photodetectors far 
from the intended channel.  Therefore, in our simulations we depart form the usual analysis in 
which a channel will only contribute noise to its nearest neighbours.  In this study we 
demonstrate that, once stray-light crosstalk is properly accounted for, significant crosstalk can be 
introduced to a receiver by non-neighbouring channels.  This type of crosstalk, caused by the 
overfill of the transmitter microlens, will be referred to as stray-light crosstalk noise (SLCN) 
throughout this article. 
To calculate the crosstalk noise present in the central channel, we consider the noise induced 
on a central photodetector by all the channels surrounding it.  However,  the same result can be 
obtained by calculating the optical power falling on the surrounding photodetectors from the 
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central channel15.  In this manner, the computational complexity of calculating the signal and 
noise powers can be greatly reduced by considering the transmission of a single beam over a 
large area, instead of the propagation of a large number of beams into a localised area. 
 
3.  Higher order transverse modes 
For drive currents above threshold, VCSELs typically operate simultaneously in several 
higher-order transverse modes.  In addition to lasing at a slightly different wavelength, these 
transverse modes propagate with a larger spot size than the fundamental mode and diverge more 
quickly.  The modal composition of a VCSEL is, therefore, an important consideration when 
attempting to calculate the crosstalk noise in an optical interconnect.  
The beam profiles of the transverse modes can be described by two families of orthogonal 
solutions to the paraxial wave equation: the Hermite-Gaussian (HG) and Laguerre-Gaussian (LG) 
modes.  The Laguerre-Gaussian profiles, expressed in cylindrical coordinates, are the most 
appropriate representation for our purposes and are presented below20: 
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In the above equations, the wave number k = 2 / , and the Rayleigh range is given as zR = ½k 
ws
2
, where ws is the beam waist and is located at z = zs = 0.  The beam radius at any distance 
along the propagation axis is given as:          
 
2
1)( 

	





+=
R
s
z
z
wzw  ,     (5) 
 
and the radius of curvature is 










	




+=
2
1)(
z
z
zzR R   .    (6) 
 
Equation (3) shows the Guoy phase shift experienced by the laser beams.  Higher-order modes (n, 
m > 0) will experience a greater phase shift than the fundamental Gaussian mode, and will 
resonate at shorter wavelengths inside a cavity.  This explains the spectral separation of 
transverse modes in a laser.   
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In order to examine the effect of transverse modes, it is necessary to determine the modal 
content of practical devices.  Experiments were performed on a commercially available VCSEL 
(Mode 8085-2020) using the experimental setup shown in Fig. 3.  The continuous-wave, room 
temperature optical spectra were measured at drive currents up to 7× Ith, at intervals of 0.05 mA.  
From this data, the evolution of the VCSEL spectrum was examined, Fig. 4, and a modally 
resolved light-current curve was constructed, Fig. 5.  
From the spectra, the presence and relative power of higher order modes can be observed, 
but their spatial profiles can not be identified.  To accomplish this, an actuator controlled fibre 
probe was used to scan a cross section of the magnified near field of the laser beam.  At each 
point of a 15×15 grid, the spectrum was recorded, and the modal peaks were isolated.  From these 
measurements we determined the optical power associated with each individual mode at each 
spatial pixel.  This spectrally, spatially, and polarisation resolved data was used to recreate the 
spatial profile of each coexisting transverse mode as shown in Fig. 6.  From these transverse 
mappings, the dominant lasing modes of this VCSEL can be identified as: LG00, LG01, LG01*, 
LG02, and an LG10 + LG02 combination. 
 
4.  Simulation model and results 
Commercial simulation software, Code V, is used to simulate both the stray-light and 
diffraction-caused crosstalk.  The dissimilar nature of the two forms of crosstalk is shown in Fig. 
7.  In the case of diffraction-caused crosstalk, light falling on unintended receiver microlenses 
will be focussed onto detectors surrounding the intended target.  However, the optical power 
incident on unintended transmitter microlenses, constituting the stray-light crosstalk noise, will 
be refracted far from the intended receiver.  
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The design parameters used for simulation are as follows: the pitch between the channels is 
250 µm, the beam has a waist radius of 3 µm and a central wavelength of 850 nm.  The 
transmitter and receiver microlenses are assumed to be spherical lenses, made from BK7 optical 
glass, with a 95% fill factor.  The focal length of all microlenses is 800 µm and the distance 
between the VCSEL and the transmitter microlens is fixed at d1 = f + zR, where f is the microlens 
focal length, and zR is the Rayleigh range.  The diameter of each photodetector is considered to 
be 70 µm which is consistent with current devices operating at up to 5 Gbit/s.  Both the stray-
light and diffraction-caused crosstalk noise are measured by the optical power incident upon 
unintended photodetectors, and are normalised to the emitted optical power.  The simulation was 
performed on a two-dimensional microlens array of  64×64 channels.   
Optical interconnect designs are typically evaluated by considering the propagation of point 
sources or from the uniform surface emitters.  To determine the effect of higher order transverse 
modes on FSOI performance, we propagate a two-dimensional beam profile through the optical 
system.  The extended sources used in these simulation experiments are based on the 
experimentally determined modal structure of the VCSEL beams measured in Sec. 3. and are 
formed by the weighted combination of the following Laguerre-Gaussian modes: LG00, LG01,  
LG 01*, LG10,  and LG20.  The mode patterns used in the simulation are shown in Fig 6.  For each 
mode, the calculated transverse profile is mapped onto a 101×101 point computational grid used 
as the beam definition for the diffraction-based beam propagation.  A combination of geometrical 
ray tracing and diffraction-based propagation techniques implemented in Code V are used to 
propagate the beam through the optical interconnect.  Geometrical ray tracing is used when a 
beam encounters an optical surface, the field distribution is converted into rays which are traced 
across the optical interface.  Once the rays have been traced across the interface, they are 
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converted back into a field distribution, and the beam is propagated using the Beam-Propagation 
Method.   
Figure 8 shows the normalised stray-light crosstalk noise for different transverse modes with 
increasing channel density.  The stray-light crosstalk noise increases with channel density, and 
interconnect performance degrades further with the presence of higher order modes.  More 
interesting results are obtained by examining the stray light crosstalk noise for different 
interconnect lengths (Fig. 9).  As it occurs at the plane of the transmitter microlenses, the stray-
light crosstalk noise is expected to be almost independent of interconnect length.  However, Fig. 
9 shows some variation of crosstalk noise for short interconnect lengths.  Not all of the optical 
power refracted by the unintended transmitter microlenses will be focussed onto a photodetector 
and contribute to noise.  For longer interconnect channels the noise power after original refraction 
spreads out further by diffraction of the beam and becomes relatively independent on the 
interconnect length.  For closely placed transmitter and receiver arrays (short interconnect 
lengths) the number of receiver lenses illuminated by the stray-light beam is consequently smaller 
and the fraction of light reaching the photodetectors is position dependant.   
The effect of diffraction-caused crosstalk and stray-light crosstalk noise is compared in Figs. 
10(a) and 10(b).  A channel pitch of 250 m was maintained as the interconnect length was 
increased, and several transverse modes were propagated through the interconnect.  Stray-light 
crosstalk is the dominant source of optical noise for short channels, and the diffraction-caused 
crosstalk dominates interconnect performance as the channel length increases.  The break-even 
interconnect lengths (were both crosstalk types have similar values) are  3.5 mm, 4.5 mm, 4.2 
mm, and 11 mm for the LG00, LG01, LG02, and LG10 modes respectively.  It can be said that stray-
light crosstalk occurs at the transmitter lens and is dictated by channel density and beam spot size 
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(modal content), while diffraction-caused crosstalk occurs over the length of the channel and will 
be strongly affected by interconnect length in addition to channel density and bem modal content.   
It can be seen from the results that stray-light crosstalk noise should not be ignored, 
especially when considering short, high density free-space optical-interconnects.  The strong 
dependence of crosstalk on beam spot size indicates that the modal content of the transmitter is 
an important consideration in interconnect design. 
 
5.  Behavioural Model 
The simulation required to numerically calculate the propagation of the multimode beams 
through the interconnect is computationally demanding, and requires significant time and effort 
to setup and execute.  We propose here a simple and accurate behavioural model which can 
approximate the stray-light crosstalk noise and may be of great assistance in the design, 
optimisation, and analysis of free-space optical interconnects. 
 
5.1 Behavioural model formulation 
A good approximation for the stray-light crosstalk noise can be obtained by considering the 
optical power that falls on unintended transmitter lenses 
 
( ) θθψ rdrdzrN
A nm
2
0,,=   ,     (11) 
 
where, A is the area of the transmitter microlenses surrounding a central channel, and the optical 
power distribution is represented by the Laguerre-Gaussian modes.  To evaluate this expression, 
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at the expense of slightly overestimating the stray-light crosstalk noise, the integrating area is 
approximated by the annulus A’, Fig. 11.  This approximation reduces Eq. (11) to: 
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which can be evaluated for an arbitrary LGnm mode as: 
 
)!(
21
!!
)!2(
2
222222
22
00
2
0
2
0
22
pmwqp
p
qp
mp
pn
pn
w
N
mqqn
p
p
q
m
n
nm
+


	







	





−
+


	





−
−



	






=
−−
= =
−   







	






++Γ

	






×
−−
+
2
0
2
2
0
2
22 2
,1
w
bqm
w
bb
qm
qm
  
      







	






++Γ

	






−
−−
+
2
0
2
2
0
2
22 2
,1
w
cqm
w
c
c
qm
qm
                              (12)
  
For the fundamental Gaussian mode, Eq. (12) simplifies to: 
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where, 2
Db −∆=  and 22
Dc +∆= .  N00 represents the optical power incident on unintended 
transmitter microlenses, but not all of this power will reach the receiver microlenses.  The 
fraction of N00 that contributes to the stray-light crosstalk noise, NSLnm, can be calculated by 
comparing the area of the receiver microlenses to the total area occupied by the array.  For a 
sufficiently high number of channels, 
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where µ denotes the number of channels in the microlens array.  The coupling term, ¼  2, 
introduced in Eq. (15) doesn’t take into account the spatial distribution of the higher order modes.  
While this could be calculated analytically, it would require accurate ray tracing and diffraction 
modelling, and would be contrary to the purpose of the behavioural model.  Instead, a modally 
dependent weighting term, nm, can be applied to our model: 
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Where 00, 01, 10, and 02 were determined by fitting the behavioural model to the simulation 
results and found to be  0.53, 0.44,  0.21, and 0.91 respectively. 
 
5.2  Comparison between the behavioural and the simulation model  
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The normalised stray-light noise crosstalk is calculated for the four lowest order Laguerre-
Gaussian modes, with increasing channel density. A comparison between simulated and 
calculated results is presented in Fig. 12.  Excellent agreement can be observed for all four 
modes.  Although the difference between the calculated and the simulated values increases 
slightly with increasing system density, the discrepancy is always less than 10% of the 
normalised crosstalk noise.  On a standard desktop computer, the stray-light crosstalk noise, for a 
particular channel density, can be calculated in less than a second using the behavioural model 
propose here, while the corresponding simulation requires approximately one hour. 
 
6.  Conclusion 
For the first time, to the authors’ knowledge, the effect of stray-light crosstalk noise on free-
space optical interconnects has been investigated.  A numerical simulation was used in 
conjunction with an experimental investigation to evaluate the optical noise introduced at the 
transmitter microlens by multimode VCSEL beams.  The stray-light crosstalk noise was found to 
be significant compared to diffraction-caused crosstalk noise; particularly for short, high channel 
density interconnects.  Both forms of crosstalk noise are strongly affected by the presence of 
higher order transverse modes.  Additionally, a simple behavioural model was developed to 
approximate the stray-light crosstalk noise.  The model approximates the simulated results to 
within 10% at a fraction of the computational cost and could be a useful tool for the design and 
optimisation of free space optical interconnects.  
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